Abstract A good contact between the pantograph and catenary is critically important for the working reliability of electric trains, while the basic understanding on the electrical contact evolution during the pantograph-catenary system working is still ambiguous so far. In this paper, the evolution of electric contact was studied in respects of the contact resistance, temperature rise, and microstructure variation, based on a home-made pantograph-catenary simulation system. Pure carbon strips and copper alloy contact wires were used, and the experimental electrical current, sliding speed, and normal force were set as 80 A, 30 km/h, and 80 N, respectively. The contact resistance presented a fluctuation without obvious regularity, concentrating in the region of 25 and 50 mX. Temperature rise of the contact point experienced a fast increase at the first several minutes and finally reached a steady state. The surface damage of carbon trips in microstructure analysis revealed a complicated interaction of the sliding friction, joule heating, and arc erosion.
Introduction
Pantograph-catenary system bears the task of energy transfer from the electrical power grid to electric trains; therefore, the electrical contact between the pantograph and catenary is directly related with the working reliability and safety of the trains. In the working situation, the overhead contact wire and sliding strip suffer from the multiple impacts of zigzag sliding friction, joule heating, and offline arcing erosion, which make the evolution of electrical contact rather complex. Especially the random arcing become more predominant at higher speed, heavier load, and cold weather conditions, which has already turned into a great obstacle for the stable current collection [1] .
Among the great amounts of researches related with the pantograph-catenary system, large efforts were made on the mechanical vibration coupling analysis, aerodynamic force calculation, and active control design [2] [3] [4] [5] . Relatively, researches on the electrical contact itself were paid less attention to. Besides the comparison of friction wear properties under different current and speed conditions [6, 7] , there were also constant interests in the electrical temperature characteristics [8] , conducted and radiated electromagnetic emission, etc. [9, 10] . All the above studies were closely related to the electrical contact of the pantograph-catenary system and therefore, possess significant importance to prompt the development of high-speed railway technology.
However, most previous researches were focused on only one or two aspects of the electrical contact and could reveal limited information on the dynamic evolution process. Simultaneous investigations into the different aspects of the electrical contact, such as the conductivity variation, temperature rise, as well as the microstructure characteristics, would be absolutely helpful for a better understanding of the pantograph-catenary system.
In this work, a comprehensive study on the sliding electrical contact of a pantograph-catenary system was carried out. Simultaneous voltage and current were recorded to obtain the conductivity property, while infrared thermometry was utilized to get the temperature rise. In the end, the surface damages and material transfer were studied through microstructure analysis. Experimental results of this paper may help reveal the physical mechanisms for the sliding electrical contact of pantograph-catenary system and also provide a benchmark for the modeling of pantograph-catenary system.
Experimental setup 2.1 The pantograph-catenary simulation test system
Considering the real working conditions of a pantographcatenary system, a set of pantograph-catenary contact test apparatus was set up. As shown in Fig. 1 , this experimental system consisted of an AC power source, adjustable resistance, inductance loads, a rotating wheel, and a carbon strip; a partial photo of the experimental apparatus is given in Fig. 2 . The AC power source adopted the electricalelectronic technology and effectively realized a stable output current from 0 to 200 A in a compact structure. The adjustable resistance and inductance were used to simulate the different train loads. The copper alloy wire with a realistic geometry was fixed in the groove around the outer edge of the rotating wheel. The pantograph strip, made of carbon materials, was housed on a carriage driven by two different motors. The rotating movement of contact wire and the horizontal translation of pantograph strip successfully realized the zigzag motion in the real working condition. Furthermore, the pantograph strip could move in the vertical direction to simulate the switch status. During the experiments, the electrical current came from the constant current power source, passing through the contact wire, the pantograph strip, and the adjustable resistive-inductance load, and eventually went back to the power source. The above electrical layout was similar to that of a real working pantograph-catenary system. In this work, experimental parameters of the electrical current, sliding speed, and normal force was fixed as 80 A, 30 km/h, and 80 N, respectively. The running time of each experiment was lasted for 10 min.
Measurement methods
The contact voltage across the wheel and strip was measured by a 1,000:1 high voltage probe (TPP0250, Tektronix), while the current was measured by a Rogowski coil (i400s, Fluke). The two-dimensional infrared images containing temperature information were recorded by an infrared thermometer (NS9500, NEC InfraRed Camera) with a record speed of five frames per second. It is worth noting that since the most previous study on the temperature characteristics utilized a thermocouple probe buried in the strip, our infrared measurement provided a non-intrusive as well as spatial-resolution detection.
The electrical signals were both stored into a multichannel recorder, with a constant sampling frequency of 1 kHz. Thermometer could be triggered either manually or automatically. After the experiments, the carbon strip was disassembled for microstructure examination by a scanning electron microscope.
Results and discussions

Characteristics of electrical parameters
Parts of the contact voltage and current waveforms are shown in Fig. 3 . Both of the waveforms hold a sinusoidal shape on the whole, except for the several voltage According to our previous study on the pantograph arcing, the resistance of arc plasma was generally one order of magnitude higher than the normal contact resistance. The occurrence of pantograph arcing not only distorted the electrical power quality, but also resulted in the severe temperature rise on the electrodes surfaces, ablated material, and worsen the current collection system damages. The primary cause for the pantograph arcing should be attributed to the unexpected vibration between contact wire and strip due to the geometry singularity. Therefore, the occurrence of pantograph arcing was quite random, which brought in great difficulties in the study of electrical contact properties. Previous researches have shown that the occurrence probability increased as the running speed got higher, while the arc erosion became much more serious [11] . Although the comprehensive impacts of arcing on the surface damages were still not clarified well, the electrical parameter characteristics had been well analyzed based on the classic Cassie-mayr's equation [12, 13] , while the evolution of spatial temperature distribution could be further surveyed by the magnetic-hydrodynamic theory.
Contact resistance with time
From the above discussion, the electrical contact exhibited an ideal resistive property. Therefore, the contact resistance R could be directly obtained using the Ohm's law, R = U/I, where U and I were the experimentally recorded contact voltage and current, respectively.
The deduced contact resistance with time is shown in Fig. 4 , with an inset for the variation of the contact resistance in a shorter time. Results indicate that the contact resistance was concentrated in the region of 25 and 50 mX during the entire period and experienced a relatively small fluctuation. The fluctuation period was 10 ms, just a half cycle of the AC power frequency. We regarded that the regular crossing zero of AC current contributed to the regular rise of contact resistance. The fluctuation irregularity in resistance values could be explained from the variation of effective contact area. The effective contact area was the actual contact parts from the microscopic aspect, which suffered from the friction work, joule heat, and/or arcing erosion. During the constant sliding process with current, the effective contact area was always going through a dynamic variation of being destroyed and reformation from one place to another. Therefore, the contact resistance depended on the effective contact area and experienced an obvious fluctuation. On the other hand, the average contact resistance was highly depended on the contact force, material resistivity, running speed, and current. The former two parameters determined primarily the static contact resistance, while the latter two parameters influenced the dynamic variation process significantly.
Temperature distribution of pure carbon strip
Material properties, such as resistivity, hardness, and friction coefficient, are temperature dependent, and will influence the final wear loss level of the material. Hence an investigation on temperature characteristic during the pantograph-catenary working is quite necessary. Typical infrared image of the pantograph strip is shown in Fig. 5 . It can be seen that the highest temperature was just located at the contact point of the pantograph strip and contact wire. With the distance away from the contact point increasing, the temperature decreased gradually. On the whole, a Gaussian-like temperature distribution in the pantograph strip could be found. The temperature of the contact wire remained at quite low level due to the constant rotation.
The temperature variation of the pantograph strip with time is shown in Fig. 6 , where typical infrared images at different stages are also given. It should be noticed that the time at zero was shortly after the previous experiment, and local regions of the pantograph strip were still in warm state. Nevertheless, the overall variation in Fig. 6 still properly represents the temperature rise process. It can be found that after a fast temperature rise stage during the first several minutes, the pantograph strip came to a relative steady state of around 175°C finally. During this process, pantograph arcing could take place, resulting in the surface temperature to reach 200°C for a short period. For the final steady state, spatial temperatures at six typical locations as shown in Fig. 5 are given in Table 1 .
It is worth mentioning that the contact resistance was significantly influenced by both the material resistivity and the condition of contact spots according to the classical electrical contact theory. On the one hand, the resistivity of copper changed little with the temperature rising from 100 to 200°C, considering that the temperature coefficient of copper resistance was only 0.00393 /°C. On the other hand, the number and radius of contact spots could change obviously due to the high temperature at the contact area, accompanied with material softening. To make clear the accurate effects of temperature on the whole contact resistance, it is necessary to conduct experiments at constant temperatures of different levels in the future work. Evolution of the electrical contact of dynamic pantograph-catenary system 135 pantograph strip and catenary wire, a new surface morphology with pits and craters appeared, as shown in Fig. 7b . The new morphologies were generally classified as the following five types (corresponding to regions 1-5 in Fig. 7 , respectively):
• Craters Diameters of typical craters could reach as high as several millimeters. Serious arc discharge accompanying the high-speed friction would be major contributions to the formation of craters.
• Dull-red area There were irregular dull-red areas distributed on the strip surface, indicating that the material of copper alloy wire was gradually transferred to the strip. This area would be referenced as material transfer area hereinafter.
• Bright area White bright area was much brighter than the basic carbon materials, which could possibly result from the deposition of oxidative materials.
• Dark stream line Dark stream line was in the same direction of the contact wire rotation.
• Pits There were great amounts of pits, with much smaller diameter than the crater, widely distributed on the strip surface.
Both the dark stream line and the pits could be the direct evidence of arc discharge occurrence.
The typical microstructures in different areas of the pantograph strip are shown in Fig. 8 . Figure 8a presents the original strip surface used for comparison, and Fig. 8b-d is the enlarged pictures of material transfer area, bright area, and arc ablation area, respectively. By comparing the surface pictures before and after test, we can find that the surface of strip became bumpy, and a large number of wear debris, arc ablation craters, and spalling blocks appeared. Meanwhile, some flake-like fragments can also be found from the worn surface.
When the pantograph strip rubbed against the catenary wire with the current, arc discharges occurred frequently because of the air gap of pantograph-catenary system breakdown. A lot of heat was generated on the contact surface, which included arc heat, Joule heat, and friction heat, resulting in the plastic deformation of material. The high temperature generated by the pantograph-catenary arc would ablate pantograph strip and catenary wire, simultaneously melting metal material and gasifying carbon material from the pantograph strip and contact wire [14] . As a result, the number of real contact points on the contact surface decreased, and the electrical contact condition of the pantograph-catenary system tended to deteriorate. The friction force, friction heat, and shear force all increased, producing a few of wear cracks. With the sliding continually going on, flake-like delaminations (Fig. 8c) were formed on the contact surface. That was attributed to the serious material adhesion caused by high temperature, and the fracturing delamination caused by shearing force and normal stress. The flake-like delaminations would further evolve into spalling blocks by shearing force, as shown in Fig. 8b and c. In addition, we can find a large number of debris on the surface of the strip in Fig. 8b . It could be concluded that abrasive wear had played an important part in material transfer process. There are several craters distributed on the strip in Fig. 8d , which could be the evidence of intense arc discharges. In summary, in the whole process of rubbing, the temperature rise of the contact couple was an important factor which had a significant influence on the wear rate of the pantograph-catenary system. Furthermore, the original area, arc ablation area, and material transfer area were measured by energy dispersive X-ray spectroscopy (EDX), and the results are shown in Fig. 9 . The analyzed point in Fig. 9a corresponsds to the point A in Fig. 8a , where dominant carbon elements and slight oxygen and silicon elements could be seen. Specific element mass percentages are given in Table 2 . As for the material transfer area corresponding to the point B in Fig. 8b , the EDX result revealed abundant copper material. The material transfer could be a result of a series of processes. During the process of rubbing, the hardness of materials could be effectively decreased by the temperature rise from several heat sources, and the interface between strip and wire would become more adhesive. The adhesive interface combined with frictional force could result in the material transformation from catenary wire to pantograph strip. The element percentage of material transfer area is shown in Table 3 . In the arc ablation area, the spalling crater could be found on the surface of strip obviously. At the same time, the arc ablation pits and dark stream-lines were also the products of arc discharge. From the EDX measurement for point C in Fig. 8d , abundant carbon elements as well copper and iron elements could be discovered at the crater bottom area (Fig. 9c) . Specific element mass percentages are given in Table 4 . It suggests that material transfer also occurred from the copper contact wire to the strip during the crater formation, besides the Evolution of the electrical contact of dynamic pantograph-catenary system 137 previously described material transfer area. Therefore, the arc discharge could be expected as a significant factor resulting in the material transfer of pantograph-catenary system. However, the damage mechanism of the pantograph-catenary system included both mechanical and electrical wear. The accurate wear process would possibly be well understood by a multiple physics coupling simulation in the future work.
Conclusion
In this paper, the evolution of the electrical contact between pantograph and catenary was studied in respects of the electrical conductivity, temperature rise, as well as the microstructure variation. The following conclusions can be drawn.
• The contact resistance was majorly concentrated in the region of 25 and 50 mX, and a relative fluctuation without obvious regularity could be found.
• The temperature of the contact point experienced a fast rise int the first several minutes but finally reached a steady state of 175°C. Spatial temperature exhibited a Gaussian-like distribution, and the random arc discharge could induce a sharp increase of local temperature.
• The evolution mechanisms were discussed from the microstructure analysis of five typical morphologies, and arc discharges was expected to be responsible for the formations of dark stream line, pits, and craters, while the material transfer process was dependent on adhesion wear and arc discharge.
